This paper presents an overview of the current knowledge about non-invasive investigations using optical coherence tomography (OCT) -structural imaging of oral tissues and biomaterials applied in vivo and in vitro -employed in the field of orthodontics. Optical coherence tomography is an emerging technology for producing high-resolution cross-sectional imagery. OCT provides cross-sections of tissues in a non-contact and non-invasive manner. The device measures the time delay and the intensity of light scattered or reflected off of biological tissues, which results in tomographic imaging of their internal structure. This is achieved by scanning tissues at a low resolution. This paper aims to describe the application of OCT in the field of orthodontics, through previous studies investigating the development and disorders of natural tooth hard tissues; the paper also describes OCT studies on dental demineralisation and dental biomaterial characterisation. We explain the working principles of OCT and mention different types of OCT systems in use. Comparisons between OCT and other commonly used orthodontic diagnostic aids are also made and the possible future implications of OCT in orthodontics is discussed.
As in every other medical and dental specialisation, accurate diagnostic imaging is a key factor for orthodontic diagnosis and treatment planning. In addition, it is an essential tool that allows an orthodontist to closely monitor treatment progress and outcome. In 1896, the first intraoral radiograph was taken; since then, two-dimensional (2D) images have been the staple of orthodontic imaging. In recent times, numerous technological breakthroughs like computed tomography are emerging as the new face of imaging techniques in orthodontics. Current imaging modalities have limited resolution. As a result, they are not effective at detecting minute details in tooth tissues; smaller lesions such as tiny pre-caries and cracks always go undiagnosed. Dental radiography, including computed tomography, has limited imaging contrast. The contrast in radiographs arises from attenuation variation between different tissue composites. The human toothconsisting of enamel, dentin, and pulp -does not exhibit good X-ray contrast. One of the initial indicators of dental decay is demineralisation of the enamel, and on radiographs its presentation might sometimes be overlooked by a professional. A thorough understanding of the tooth and its microstructures, the mineralisation process, and its dynamic mineral exchange processes can aid in gauging the health of the tooth. To study the microstructures of the tooth, studies using imaging modalities such as atomic force microscopy (AFM) and the transmission electron microscope have been used in previous studies. The latter modality needs to be performed ex vivo and cannot be used to assess healthy tissues or be performed in real time.
High-resolution and high-contrast images are some of the benefits that optical coherence tomography (OCT) imaging provides. Polarisation-sensitive OCT is a new improvement in OCT technology which provides better contrast when imaging tissues and their surrounding environment compared to the contrast of regular OCT imaging.
In 1991, Fujimoto et al. initially reported on the applications of optical coherence tomography (OCT).
1 Since then, copious clinical studies in diverse fields of ophthalmology, 2-4 dermatology, 5, 6 gastroenterology, 7-9 and dentistry 10, 11 have used OCT. OCT is a non-invasive, non-radiative optical diagnostic apparatus dependent on the principles of interferometers. With the use of a low-coherence, broadband near-infrared light source, a spatial resolution of ~20 μm and real-time images become a reality. 12, 13 The initial applications of OCT were to visualise the human retina and atherosclerotic plaque. 1, 14 This optical imaging approach facilitates the cross-sectional imaging of the microstructures of tissue in situ. Negating the need for excision and the processing of specimens, as in conventional biopsy and histopathology, is a fundamental advantage in using OCT. With the advent of improved optical specifications and system capabilities, OCT shows great potential in orthodontic research and clinical applications.
The latest developments in OCT technology have made it feasible to image non-transparent tissues, allowing the technology to be implemented in a wide range of medical specialisations. [15] [16] [17] [18] There are restrictions in imaging depth due to optical attenuation from tissue scattering and absorption. Nevertheless, images up to a depth of 2-3 cm can be achieved in most tissues, as with conventional biopsy and histology. Although ultrasound can reach deeper tissues, the resolution in OCT images is far superior to standard clinical imaging. The excellent resolution of OCT makes it a treasured ally to study in vitro arterial pathology and plaque morphologies. 19 In recent times, many functional OCT systems have evolved, like the Doppler OCT (DOCT), 20, 21 polarisation-sensitive OCT (PS-OCT), [22] [23] [24] endoscopic OCT, 25, 26 and acoustic OCT. 27, 28 These functional systems provide structural images in conjunction with unique optical characteristics such as tissue orientation and blood flow velocity.
The use of OCT has been gaining popularity in the field of dental research. In 1998 the first in vitro images of dental hard and soft tissues in a porcine model were released. 29 Subsequently, the in vivo imaging of human dental tissue was developed. 30 Multitudinous studies have been conducted using OCT in orthodontics and information regarding the enamel surface, microleakage around the bracket base, and enamel demineralisation in relation to the bracket base has been revealed with the use of OCT.
Principles of OCT
OCT functions similarly to the technique of ultrasound imaging, but it works with the principle of light scattering instead of sound. Two-dimensional cross-sectional images of the sample structure are generated by measuring the variation in path length differences of the backscattered light from the different layers of the sample structure. 1 OCT uses the near-infrared region of the light spectrum as its source since infrared light has optimal penetration depth in biological tissue structures. The speed of light travelling through air is very fast, thus the backscattered signals cannot be measured directly and correlation or interferometry techniques are used for this purpose. The most widely used approach for measuring the time delay in backscattered light is with the low coherence interferometry technique. Earlier primary applications of low-coherence interferometry were utilised in the field of optics and optoelectronic devices. 31, 32 By using a known light path as a reference, we can measure the time delay or the path length difference between the backscattered light path reflected back from the sample and back from the known reference path. These measured values show the structural difference between the sample and the reference objects. The most commonly used interferometry technique for OCT is the Michelson interferometer.
In a basic Michelson interferometer configuration, the light from a source is directed onto a prism or a beam splitter. Then, the two split beams of light are directed to a reference path with a known length and to the sample that is to be measured. The reference path is varied according to the sample structure so as to obtain a better visualisation of the image. The backscattered light from the sample and from the reference path is interfered using a prism or a beam splitter. The interfered light produces dark and bright fringes correlating to the sample structures and this final interference signal is detected by a photodetector at the interferometer output. The axial resolution in OCT is determined by the coherence length and the bandwidth of the light source. The lateral resolution is dependent on the wavelength used and the beam optics used. Hence, by using a broad-bandwidth source with low coherence and an appropriate beam optics setup, it is possible to achieve high-resolution cross-sectional images of the sample structure. Figure 1 is a graphical representation of the working principles of OCT.
Types of optical coherence tomography
Optical coherence tomography (OCT) can be broadly classified into time domain optical coherence tomography (TD-OCT) and Fourier domain optical coherence tomography (FD-OCT). TD-OCT produces tomographic images by moving the reference arm mirror a few millimetres in order to create interference for individual layers of the sample. This means the image acquisition time is relatively longer. With the introduction of the Fourier relation, depth scanning can be done without any moving parts in the reference setup. This was achieved by either encoding the optical frequency in time by using a spectrally scanned source, or by an array of detectors for parallel acquisition of all wavelengths of the broadband source utilised. This helped to achieve the real-time acquisition of OCT images at high speeds. With a hundredfold increase in the capture time, quicker three-dimensional imaging of samples became possible. The FD-OCT can be further classified into 2 types depending on the type of source and detector used. The first is spectral domain optical coherence tomography (SD-OCT); the other method is swept source optical coherence tomography (SS-OCT). Both OCT types share a common configuration for the fixed reference arm and the sample arm. SD-OCT uses a broad-bandwidth source and the detector part is comprised of a combination of a dispersive medium (grating/ prism) followed by an array of detectors to simultaneously acquire the dispersed interference light. In the case of SS-OCT systems, the source bandwidth is spectrally scanned for individual wavelengths at high speed and the detector part is a single photodetector which individually acquires the interfered backscattered light signals one wavelength at a time. The SS-OCT has a higher depth sensitivity compared to SD-OCT but the acquisition time is slightly longer than for SD-OCT systems. By integrating the use of objective lenses and effectively utilising both coherence gating and confocal gating principles in OCT, it is possible to build optical coherence microscopy (OCM). By using high-magnification objective lenses and an expanded sampling beam waist, it is possible to attain a lateral resolution of 2 μm. The tradeoff is the limited depth of focus of OCM images.
Comparison with other dental diagnostic methods
Historically, newer imaging modalities replace existing technology to overcome their drawbacks. Computed tomography ushered in a new age of three-dimensional imaging with its appearance in the field of medical imaging, but its applications are limited due to its unnecessary exposure to ionising radiation and its inability to detect early lesions. Thus, the need arises to find a new, non-destructive technique that can be employed in the imaging of dental tissues. Currently, several innovative techniques are being developed for the diagnosis of dental diseases, such as a smart ultrasonic device, [33] [34] [35] LED-based dental optical probes, 36 and laser fluorescence. 37, 38 Table 1 shows a comparison of dental OCT and other dental diagnostic modalities that are currently in practice. In short, OCT is a compelling diagnostic tool because it is a non-invasive, non-destructive, non-radiation-inducing, and real-time monitoring method with a high resolution and high contrast when compared to other imaging modalities.
Use of OCT in orthodontics
Formerly, the limitations of system size and light source manufacturing technology confined the applications of OCT in dentistry to studies involving visualisation of the morphology of dental hard and soft tissues. With the advent of well-engineered components, OCT applications have increased and have been used to visualise dental and periodontal diseases. OCT has grown beyond its initial use as an imaging apparatus and with the onset of its real-time imaging and its inherent high-resolution capabilities, it has kicked off a plethora of orthodontic research opportunities.
In the field of orthodontics, a number of studies have been done to evaluate the enamel surface in relation to bonding and de-bonding procedures. Filho et al., in 2013, evaluated the enamel surface after de-bonding with metal and ceramic brackets. 39 They studied the enamel fractures, adhesive remnants, and bracket fragments on enamel after de-bonding using OCT. In their study, the researchers were able to evaluate the damage caused to the enamel surface by different bracket systems and debonding procedures as well as to visualise and measure the adhesive remnant layer depth with the use of OCT.
Similarly, in 2015, Filho et al. studied the potential of OCT in evaluating the damage done to enamel by de-bonding and clean-up procedures by the use of metal and ceramic brackets. 40 With the help of OCT, the researchers evaluated the damage done to the enamel and remnants of fractured ceramic brackets during de-bonding procedures, along with the adhesive and bracket mesh remnants on the surface of the enamel.
Seeliger et al. 41 and Koprowski et al. 42 studied enamel thickness before and after orthodontic treatment using OCT and concluded that optical coherence tomography is an efficient aid in evaluating the surface and cross-sectional characteristics of enamel post-orthodontic treatment and it provides valuable information for deciding on the methodology and course of orthodontic treatment.
Nee et al. studied the use of cross-polarisation optical coherence tomography (CP-OCT) to longitudinally monitor demineralisation peripheral to orthodontic brackets. 43 The study was conducted over a 12-month period. Equipped with a high-speed CP-OCT the researchers extracted 3D images of the orthodontic bracket base. The images were analysed at intervals of 3 months in order to check for areas of demineralisation and remineralisation, and they also evaluated the use of a fluoride-releasing cement to check for remineralisation. They conferred the presence of and growth in the amount of demineralisation over time with the use of CP-OCT imaging. Additionally, the use of fluoride-releasing glass ionomer cement and conventional composite made no difference in the remineralisation of enamel around the bracket base.
Orthodontic adhesive materials can fail due to inherent voids between them and the bracket base, which can lead to bond failure and can delay orthodontic treatment progress. Though OCT cannot be used to quantify the bond strengths of orthodontic attachments, it can be applied to visualise and quantify the micro-damage at the junction of the bracket base and adhesive material. In the study done by Pithon et al., the researchers evaluated the in vitro effects of applying varnish containing casein phosphopeptide and amorphous calcium phosphate in the prevention of carious lesions around orthodontic brackets. 45 Equipped with OCT imaging, the researchers were able to evaluate the depth of caries penetration beneath the applied dental varnish. They reported that the use of CPP-ACP reigned superior to conventional varnish in the prevention of white spot lesions around the bracket base. The use of OCT, with its high resolution, allowed the researchers to analyse the microstructures of the enamel with high degrees of definition.
The occurrence and progression of periodontal disease play a crucial role in the success of orthodontic treatment. Studies have shown that advancement of periodontal disease can lead to orthodontic treatment failure, making it vital for clinicians to observe, study, and monitor its progression. Many diagnostic modalities are available to clinically diagnose periodontal diseases. Recently, OCT has started to be used for that specific purpose. OCT renders high-resolution images that can be consistent and reproducible. With OCT the surface topography, pocket depths, their morphology, and attachment levels can be evaluated. 44 The progression of periodontal disease, including gingival morphology, the characterisation of the cementum surface, and the presence and propagation of sub-gingival calculus is possible in great detail with OCT imaging. 13 Colston et al. studied and evaluated OCT system efficiency to quantify gingival thickness along with alveolar crest morphology. 29 Being able to visualise the structures in detail and with precision greatly contributes to formulating a periodontal surgical treatment plan.
Marcauteanu et al. used optical coherence tomography to study the microstructural characterisation of the temporomandibular disc. 46 Temporomandibular joint discs were harvested from dead subjects and used in the study. Two different OCT systems were used. They compared the effectiveness of 2 OCT systems, one working at 1300 nm (time domain optical coherence tomography [TD-OCT]) and another at 840 nm (Fourier domain optical coherence tomography [FD-OCT]). The researchers scanned the harvested discs and evaluated them using the different OCT systems. Their results confirmed the OCT imaging technique to be the best for visualising the microstructural details of TMJ discs. They defined TD-OCT, due to its longer wavelength, to be particularly useful in the study of the homogenous microstructure of the thicker posterior pars. O n the other hand, use of FD-OCT was faster. The researchers also advised that future studies with OCT be associated with arthroscopy, as OCT can be used to visualise the temporomandibular joint non-invasively and up to a sufficient depth.
Baek et al. determined the efficacy of OCT systems in determining tooth movement under light orthodontic forces. 47 Equipped with a TD-OCT, the researchers went about inducing orthodontic tooth movement in white rats. Post-induction of light orthodontic forces, structural variations in the periodontal ligament was studied using a digital radiography and TD-OCT system. With the use of OCT, they were able to successfully visualise the variations in the periodontal ligaments around the tooth, at different applications of force. In contrast, X-ray radiography could only confirm the presence of the PDL space and no discrimination of the variations within the PDL space as a reaction to orthodontic forces was possible. They concluded by suggesting that OCT can be used to predict tooth movement and can also be used to minimise the side effects associated with tooth movement by early detection.
Rashidifard et al. examined the ability of OCT, focusing primarily on structural OCT and PS-OCT, to identify and track early disease progression and its potential for the early diagnosis of osteoarthritis, rheumatoid arthritis, and rotator cuff repair. 48 This preliminary study was done to show that OCT technology can be used to visualise inflammatory arthritis. Study of the inflammatory markers is vital to understanding the disease as a whole and to aid in the future management of the disease. Here the high resolution of OCT can help assess musculoskeletal diseases at micron-scale resolutions.
Figures 2 and 3 are from the orthodontic research archives of the Department of Orthodontics, Kyungpook National University. Figure 2 shows the enamel surface characterisation in different views, i.e., (a) the enamel surface, (b) a longitudinal section showing the enamel and dentinal layers of the tooth, and (c) the cementum-enamel junction of the tooth are seen. Figure 3 shows the 3D reconstruction of the scanned area using volume rendering software.
Summary
OCT is an effective new imaging technique for non-invasive in vivo and in vitro investigations in the field of orthodontics. In orthodontics, OCT provides a non-invasive, non-radiative, high-resolution image that can be utilised in a broad spectrum of clinical studies, ranging from studies involving hard and soft tissues to the various biomaterials used. For hard tissue imaging, OCT provides images in situ and in real time. Exposure to ionising radiation is a concern in modern-day clinical practice. OCT is an appropriate tool in this sense, as it is a non-invasive imaging modality that can provide images at a superficial level and also at considerable depth with high resolution and contrast for visualisation and analysis of dental hard tissue structures. OCT imaging allows early detection of demineralisation, which is commonly associated with the use of orthodontic brackets. A detailed visual analysis of remnants on the enamel surface after the de-bonding of orthodontic brackets can be created using OCT. The efficacy of various biomaterials that can influence the process of demineralisation can be visualised and analysed accurately with the help of OCT.
OCT allows for soft-tissue imaging, which is important in the treatment of periodontal diseases yet inaccessible to direct clinical assessment, and it offers great prospects for clinical studies involving tooth movement within the periodontal ligament. With the recent advances in OCT technology, it can be used to assess soft tissue lesions at a micron-scale resolution. The resolution might not be adequate for the study of single cells, but the architecture of the lesions can be studied. The measurements have no side effects and can be performed in real time.
Compared to other diagnostic methods used in orthodontics, the main advantage of using OCT lies in its higher resolution; OCT images display more detail and contrast than computed tomography and conventional radiography. There is the added advantage of being non-radiative. OCT imaging is also non-invasive, compared to other imaging techniques such as AFM and TEM, in which studies can only be performed ex vivo. Furthermore, the techniques are much simpler to perform than an MRI scan and much more detailed than ultrasound scans.
With the current system of OCT a number of images need to be analysed for investigation of an entire structure. In future, OCT systems with a higher depth penetration and with scanning heads purpose-built for orthodontic research can be made available. Various factors, including the components of the oral cavity and the degree of mineralisation of the teeth, impair the scattering and absorption of the light source; future developments may include an energy source of different wavelengths to target the specific components needed to investigate or to rule out the surrounding environmental noise. The entire process of scanning and acquisitioning the image is time-consuming, so developments in this area may see an even bigger jump in OCT in orthodontic research. Through the use of the diverse OCT techniques, for instance, polarisation-sensitive OCT, Doppler OCT, endoscopic OCT, optical coherence microscopy, and dual beam OCT, further research and advances in practical applications in the field of orthodontics need to be explored. By making the current OCT systems more robust and with scanning heads that are clinically applicable for orthodontic diagnosis, OCT can be utilised to its full potential.
OCT provides tissue sections in a non-contact and non-invasive manner and allows for real-time tissue imaging in situ, forgoing the need for biopsy, histological procedures, or the use of X-rays, so after solving the problems related to the availability and quality of equipment, it will be the method of choice in modern dental diagnostics. Increasing the number of clinical trials and the supplementary usage of OCT as an adjuvant in various studies is vital for OCT's growth in routine clinical practice and orthodontic research.
